In this work, astaxanthin nanodispersions were prepared using selected three component stabilizer system through a solvent-diffusion technique, with the particle size of 98.3 nm. The stability of produced nanodispersions against pH, salts, and heating were then evaluated. The produced nanodispersions exhibited good physical stability under wide ranges of pH (except around isoelectric point), sodium ion concentrations, and relatively high-temperature treatments (up to 60 • C). However, formation of large particles was observed in either presence of calcium ions or higher thermal treatments (more than 60 • C).
INTRODUCTION
Carotenoids are natural pigments with essential biological effects including antioxidant activities. [1] Astaxanthin is a carotenoid compound that is found in aquatic animals, such as shrimp, crabs, and salmon. It acts as both radical scavenger and singlet oxygen quencher due to its conjugated double bonds and both hydroxyl and ketonic end groups on each ionone ring. [2] Recently, astaxanthin has gained popularity as a nutraceutical and a medicinal ingredient for the prevention and treatment of various diseases, including cancer, age-related macular degeneration, inflammation, Helicobacter pylori infections, and cardiovascular oxidative stress, and for the general enhancement of immune responses. [2−5] However, as with other carotenoids, its limited water solubility/dispersibility has hampered its usefulness. [6] Incorporation of these functional lipid compounds into emulsions or nanosized carriers such as nanoemulsions and nanodispersions are some of the structure modification based strategies which recently have been performed to increase their 938 ANARJAN ET AL.
water-solubilities and consequently their bioavailabilities, according to in vivo dissolution models. [6−10] Emulsions or dispersions are produced by homogenizing two immiscible phases together in the presence of stabiliser molecules. [11] During homogenization, stabilizers or emulsifiers adsorb to the surfaces of freshly created droplets and reduce the interfacial tension, which facilitates further droplet disruption. [12, 13] In addition, the stabilizers form a protective layer around the droplets, inhibiting droplet aggregation by generating repulsive interactions. [14−15] The most common stabilizers used in the food industry are amphiphilic proteins, polysaccharides, and small-molecule emulsifiers, individual or in different combinations. [11, 16] Because single stabilizer molecules exhibit different limitations in functionality, developing multi-component stabilizer systems can be an attractive means for improving a particular emulsion's physicochemical and stability characteristics, depending on its specific composition, formulation and processing, and storage methods. [17−19] Therefore, in the previous research (unpublished data), a three-component stabilizer mixture composed of a small molecular emulsifier (Polysorbate 20, PS20), a protein (sodium caseinate, SC), and a polysaccharide (gum Arabic, GA) was developed to prepare the astaxanthin nanodispersions with the best physicochemical and storage stability characteristics.
During the production, storage, and utilization of nanodispersions, either stabilizer and emulsifier or functional lipid bioactive molecules undergo pressure and thermal processing; [11, 20, 21] in addition, they encounter a wide range of salt types at varying concentrations, different pH levels and other environmental stresses, altering their structure, interfacial coverage, surface active functionality, and consequently the stability of the resultant nanodispersions. [13, 20] Therefore, there is an increasing emphasis on developing a more fundamental understanding of the influence of solution conditions and environmental stresses on the functionality of stabilizer system and as a result on stability of nanodispersion system. [13, 16, 22] In present study the astaxanthin nanodispersions were prepared through solvent diffusion technique and then the performance of selected three component stabilizer system in stabilizing the astaxanthin particles against heating, pH, and ionic strength were evaluated.
MATERIALS AND METHODS

Materials
Astaxanthin (>90%) was purchased from Kailu Ever Brilliance Biotechnology Co., Ltd. (Beijing, China). Polyoxyethylene sorbitan monolaurate (Polysorbate 20, PS20), phosphate buffer (pH 7), SC, sodium azide, monobasic potassium phosphate, sodium chloride, calcium chloride, analytical grade dichloromethane, and acetone were purchased by Fisher Scientific (Leicestershire, UK). Gum Arabic was donated by Merck Co. (Darmstadt, Germany). Citric acid and sodium phosphate were purchased from Sigma (MO, USA).
Preparation of Astaxanthin Nanodispersions
0.08% w/w astaxanthin was dissolved in mixture of 38% w/w dichloromethane and 62% w/w acetone to produce the organic phase. [10] Aqueous phase was composed of dissolved 2.5% w/w stabilizer mixture (29% w/w PS20, 65% w/w SC, and 6% w/w GA), 0.02% w/w sodium azide in 0.05 M phosphate buffer with pH = 7.0. This aqueous solution was magnetically stirred for overnight to get fully hydrated and then was centrifuged at 3000 rpm for 5 min using a KOBOTA 2010 (Tokyo, Japan) centrifuge at room temperature to remove un-dissolved particles. While mixing the aqueous phase using a high-shear homogenizer (Silverson L4R, Buckinghamshire, UK) for 1 min at 5000 rpm, the organic phase was gradually dispersed into the water phase to provide an initial coarse emulsion, with the particle size of 934.7 ± 25.9 nm and astaxanthin content of 878 ± 28 mg/L. Fine emulsification (185.6 ± 13.4 nm) was achieved by homogenizing the coarse emulsion using a high-shear homogenizer for 5 min at 5000 rpm and then passing the emulsion three times through a high-pressure homogenizer with the pressure of 30 MPa (APV, Crawley, UK). Approximately 7.2 ± 1.6% w/w of astaxanthin loss was recorded for produced nanodispersions at the end of this preparation process. The ratio of organic phase to aqueous phase was set at 11.5% (w/w). The organic solvent was then removed from the fine emulsion using a rotary evaporator (Eyela NE-1001, Tokya Rikakikai Co. Ltd., Tokyo, Japan) under low pressure (0.15 atm) at 47
• C and 100 rpm. [9, 10] The astaxanthin content of nanodispersions after the removal of organic phase (fresh sample) was 779 ± 9 mg/L. The DCM and ACT residuals of 0.008 ± 0.004 and 0.017 ± 0.005 ppm, respectively, were recorded. These levels of residual solvents are within the acceptable level of International Conference of Hamonization (ICH) and thus showed the suitability of the produced nanodispersions for use in different food and pharmaceutical formulations.
Effects of pH
Fresh astaxanthin nanodispersion (1 mL) that was prepared with a plain aqueous phase (deionised distilled water without buffer and sodium azide) was added separately to various citrate-phosphate buffer solutions (4 mL each) with pH values ranging from 2 to 10. The pH of the mixture was adjusted using either 0.2 N sodium hydroxide or 0.2 N hydrochloric acid, if necessary. The samples were stored at room temperature for 24 h prior to analysis. [16] Effects of Na + and Ca
2+
The effect of Na + and Ca 2+ ions on the stability of the nanodispersions was studied by adding NaCl or CaCl 2 solution to a 5 mL sample (freshly prepared astaxanthin nanodispersions). The salt concentration in the sample ranged from 0-200 mmol/L. The nanodispersion samples were then stored at room temperature for 24 h prior to analysis. [16] 
Effects of Thermal Treatments
Different sets of astaxanthin nanodispersions were placed in 50, 60, 70, 80, 90, 100, and 120
• C water baths to investigate the effect of applied temperatures on mean particle sizes. The samples were removed from the water baths at 1 h intervals, cooled to room temperature by placing under running tap water, and then analysed for particle size on the following day. [16] Particle Size and PDI Measurement
Mean particle size and polydispersity index (PDI) of astaxanthin nanodispersions were evaluated by using a dynamic light-scattering particle size analyzer (Malvern series ZEN 1600, Malvern Instruments Ltd., Worcester, UK). The experiments were performed with sample preparations diluted (1:10) with deionized water to avoid multiple scattering effects in the measurements. The PDI was calculated as the best fit between the practical scattered pattern and the one predicted by the light-scattering theory. [23] It is a measure of the width of the distribution ranging from 0 (monodispersion) to 1 (broad distribution). [24] The absorbance of the nanodispersion particles was set at 0.3, and the temperature was 25
• C. The measurement was reported as an average of two individual injections, with three readings made per injection for each sample. [9] Zeta-Potential Measurement
The zeta-potential values of the astaxanthin nanodispersions were measured using a Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK). The distribution of the electrophoretic mobility of particles is measured based on laser doppler velocity technique. The Smoluchowski equation was employed to calculate the zeta-potential values from the measured velocity. [25] Measurements were carried out at pH 7.
Statistical Analysis
Statistical analysis of the experimental data was performed by a one-way analysis of variance procedure. All analyses were performed using the Minitab v. 14 Statistical Package (Minitab Inc., PA, USA) D. The signicance of differences (p < 0.05) between means was evaluated by Tukey's multiple-range tests. All the reported values were the means of at least four measurements from two experimental replications.
RESULTS AND DISCUSSION
Astaxanthin nanodispersions were produced using a bottom-up technique, known as solvent diffusion method. In this process, the water-saturated solvent phase containing astaxanthin and the solvent-saturated aqueous phase containing stabilizer mixture, which are in thermodynamic equilibrium, are emulsified using high several emulsification procedures. [12, 26] The diffusion equilibrium is disturbed by removing the solvent, which causes the solubility limit for astaxanthin until nanoparticle formation starts. [12] The mean particle size and PDI of freshly produced plain astaxanthin nanoparticles were 98.3 and 0.348 nm, respectively. The particle size distribution of nanodispersions was shown in Figure 1 .
Effects of pH
The particles have a propensity to aggregate due to attractive interfacial forces, but aggregation is simultaneously resisted by repulsive like-charge interactions. [11, 12, 22] The net charge of the adsorbed interfacial layer, and therefore, the magnitude of particleparticle repulsion, is thus highly dependent on pH.
[11] The mean particle size, PDI and zeta-potential of the prepared astaxanthin nanodispersions at different pH values are shown in Table 1 .
The astaxanthin nanodispersion had a smaller mean particle size at neutral and alkaline pH than at acidic pH. Because the particles carry zero net surface charge when the pH equals the isoelectric point of the adsorbed stabilizer, the largest particle size was observed at pH 4-5, which was roughly the isoelectric point of SC (which composed the majority Values are means ± standard deviations (n = 6). a-f Different letters show statistically significant differences between conditions, where the comparison tests were performed for values of similar responses (p < 0.05).
of the stabilizer mixture of produced nanodispersions). [11, 16] The isoelectric pH of GA was approximately two, resulting in a large mean particle size for nanodispersions produced at this pH.
[27] The small mean particle size observed at pH values between the isoelectric points of GA and SC can be related to attractive interactions between these stabilizers. [27, 28] Electrostatic interactions between opposite charges on GA and SC molecules lead to formation of inter-polymer complexes, increasing surface activity compared to either stabilizer alone. [29] At a lower pH, the particles generally had a relatively high positive surface charge because the pH was below the isoelectric point of SC. [15, 16] The amino groups of SC (or GA) were positively charged, whereas the carboxyl groups were neutral. Increasing the pH decreases the magnitude of positive charge on SC and GA as some amino and carboxyl groups became deprotonated. [16] At alkaline pH, the magnitude of the surface charge did not change significantly (p > 0.05), suggesting that protein conformational changes due to burial of uncharged ionisable groups did not considerably affect the astaxanthin nanodispersions. [16, 20] The dependence of the interaction potential between two astaxanthin nanoparticles on the inter-particle separation can be modelled by summing the van der Waals attraction and electrostatic repulsion potentials. [11, 16] When the particles have a high absolute zeta-potential value, the maximum interaction potential (energy barrier), which inhibits particle aggregation, increases. Correspondingly, as the absolute zeta-potential decreases, the height of the energy barrier decreases, until it is too low to prevent the droplets from aggregating. [30] Charoen et al. [28] reported a good pH-stability for GA-stabilized emulsions due to a coating of lipid droplets by a relatively thick layer of hydrophilic polysaccharide molecules and a prevalent steric repulsive stabilization, rather than an electrostatic repulsion. [27] However, because the interfacial layers formed by globular proteins tend to be relatively thin, protein emulsifiers tend to stabilize emulsions mainly by electrostatic rather than steric repulsion. [11, 22] Consequently, the addition of GA to protein-based stabilizing mixtures could improve the pH stability of astaxanthin nanodispersions near the isoelectric point of the adsorbed protein.
The presence of PS20 in the stabilizing system also altered the pH dependence of certain nanodispersion characteristics. Addition of PS20 in stabilizing mixture caused a decrease in the maximum amount of droplet flocculation near the isoelectric pH and a narrowing of the unstable pH range. [31] Different physical phenomena can be considered responsible for this observation; the emulsifier could displace fully or partially the protein from the droplet interface, or the emulsifier could form a complex with the protein. [20, 32] Either of these phenomena could change the colloidal interactions between the droplets in a manner that could inhibit droplet flocculation and consequently reduce the mean particle size in the nanodispersions. [20] The displacement of some of the protein from a droplet interface by PS20 would also help inhibit aggregation near the SC and/or GA isoelectric points because PS20 acts primarily via steric repulsion, which is relatively insensitive to pH. [20,33−35] Effect of Na + and Ca
2+
Figure 2 depicts the changes in the mean particle size in the astaxanthin nanodispersions as functions of the NaCl and CaCl 2 concentrations. Different ions have different effects on dispersion stability, depending on their concentrations and valences. [36] As reported by Chu et al., [16] in protein-stabilized carotenoid nanodispersions, the mean particle size increased with increasing Na + and Ca 2+ concentrations. Mineral ions increase the ionic strength of the aqueous phase, leading to a reduction in electrostatic repulsion between particles, promoting aggregation. [11, 16, 36] Changes in ionic strength and specific binding of ions may also alter the conformation of the adsorbed protein, modifying the steric interactions between nanoparticle surface layers. [11] Chu et al. [16] have also concluded that SC-stabilized nanodispersions were moderately stable against NaCl at low concentrations (<100 mmol/L), but the mean particle size increased considerably at high NaCl concentration. They also found that presence of CaCl 2 in any concentration in a nanodispersion system enlarged the mean particle size of their studied system.
In astaxanthin nanodispersions, when NaCl salts were added, the presence of GA and PS20 could diminish the particle aggregation due to occurred steric stabilization. [37, 38] However, as SC is mainly composed of calcium-sensitive proteins, the produced nanodispersions were easily flocculated by calcium ions. The calcium ions could destabilize the nanodispersion systems by decreasing the electrostatic repulsion due to a reduction of the net negative charge of the adsorbed protein and by the decrement of the steric repulsion due to a flattening of the adsorbed protein layer. [16, 36] Furthermore, the divalent calcium ion may bridge protein molecules on different droplets, leading to further destabilization of the nanodispersion. Flocculation due to bridging by calcium-casein complexes or aggregates could also further destabilise the nanodispersions in the presence of calcium ions. [16,28,39−41] The addition of cations to emulsions or dispersions can alter the isoelectric point of the system, shifting it to higher pH in a concentration-dependent manner. [30] Therefore, since the NaCl did not alter the mean particle size of the nanodispersions in the present study, it seems that its addition in acidic food systems can increase the isoelectric pH of system and consequently, it can decrease the aggregation and growth of astaxanthin nanoparticles in these food systems.
Effect of Heat Treatment
Nanodispersion-containing food products may experience thermal extremes during manufacture or end use, such as during sterilization, pasteurization, or cooking. Therefore, it is essential to characterise the influence of heat treatment on astaxanthin nanodispersions. Figure 3 illustrates the change in mean particle size with time for the nanodispersions at the various temperatures. SC is well known for its thermal stability due to its intrinsically disordered structure. [42] However, growth in particle size was observed at temperatures higher than 60
• C, further particle growth at higher temperatures. The observed aggregation at high temperatures may result from the temperature-induced conformational change for the adsorbed SC molecules and subsequently expose the non-polar groups of SC molecules to the surrounding aqueous phase, increasing the surface hydrophobicity of the droplets and promoting aggregation through the hydrophobic effect. [28] Bridging flocculation may also occur in the studied system by adsorbing the unfolded SC to the surfaces of partially covered oppositely charged dispersed. [43] Furthermore, dephosphorylation of serine phosphate groups in the caseinate, which occurred during lengthy heating conditions, can reduce the negative charge on the caseinate and promote the casein-casein interactions. [16, 44, 45] 944 ANARJAN ET AL. The rate of aggregation for the heated emulsions or dispersions is expected to depend on the initial particle size or on the relative partitioning of protein between the surface and the aqueous phase. [46] It was reported that decreasing the total emulsion protein content by partial replacement of protein with other surface active molecules, increased their heat stability. [47] Consequently, the produced astaxanthin nanodispersions showed higher thermal stability compared to nanodispersions stabilised with SC alone, as polysaccharide emulsifiers do not unfold to expose non-polar groups at high temperatures. [45] Furthermore, in addition to protein, the presence of small molecular emulsifiers and/or polysaccharides in the stabilizing mixture could keep the surface active functionality of stabilizer despite the unfolding (or decrease) in the amphiphilic structure of the protein; in addition, their existence could afford for additional steric repulsion at interface of nanoparticles. Notably, the concentration of non-adsorbed protein should be as low as possible to minimise bridging across the adsorbed layers of the particles, leading to an increased aggregation rate. [44, 45, 47] Therefore, the heat stability of dispersion/emulsion systems can be improved considerably by using different combinations of small-molecule emulsifiers, proteins and polysaccharides in stabilizer mixtures. [20] 
CONCLUSIONS
The aggregation of astaxanthin nanoparticles has a considerable effect on the appearance, shelf life, and texture of dispersions. The production of high-quality formulated food dispersions requires a good understanding of the factors that promote or inhibit aggregation of the dispersed particles and consequently affect their physical stability. The results of present study showed that unlike the most protein-stabilized nanodispersions, the produced astaxanthin nanodispersions using a three component stabilizer system (optimum combination of a small molecular emulsifier, a protein, and a polysaccharide) exhibited good physical stability under wide ranges of pH, ionic strength against Na + ions, and relatively high-temperature treatments (up to 60
• C). However, more modifications on formulation parameters of nanodispersions are needed to overcome the observed instability problems in the cases of presence of Ca 2+ ions and intensive thermal treatments.
